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Abstract
Nanocomposite films consisting of Fe nanocrystals (NCs) embedded in an
amorphous Al2O3 matrix have been fabricated by alternate pulsed laser
deposition in vacuum. The size, shape and distribution of the Fe NCs have
been analysed by high resolution electron microscopy. The thermal stability
of the films has been studied by in situ annealing in the electron microscope,
and the chemical state of the Fe has been investigated by electron energy loss
spectroscopy. The nucleation and growth of the Fe NCs has been studied as
a function of the number of pulses. Nucleation is homogenous over the
surface of the Al2O3 at the beginning of deposition. The distribution of the
NCs is uniform and their in-plane shape can be approximated by ellipses for
a small number of pulses on the Fe target. As the Fe content increases some
adjacent NCs coalesce resulting in a sudden increase in dimensions and
in-plane aspect ratio. Isothermal annealing treatments for up to 160 min
show that the Fe NCs are stable up to 400˚C, with morphological changes
occurring at higher temperatures. The as-prepared Fe NCs were found to be
α-Fe and no changes of oxidation state of Fe were observed after annealing.
1. Introduction
Nanocomposite materials, such as nanocrystals (NCs)
embedded in a continuous matrix, have attracted considerable
research effort in recent years both because of their potential
technological applications and because of their relevance to
the study of basic physical properties in the mesoscopic size
range [1–3]. On decreasing the dimensions of a material to the
nanometre scale, many new effects appear, such as quantum
size effects, which can result in new physical properties so that
nanostructured materials can show novel optical, electrical,
magnetic and catalytic properties that are different from those
of bulk materials [3]. For example, the magnetic properties
of Fe NCs dispersed in an insulating matrix are different from
those of bulk Fe [4, 10] with the coercivities of the NCs being
two orders of magnitude higher than that of pure Fe [10] and
the magnetocrystalline anisotropy being higher than that of
bulk Fe [6, 11]. Many properties are closely related to the size,
shape and distribution of the NCs [4–8]. The coercivity of the
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Fe NCs is inversely proportional to their separation [8], and
the NC shape can give rise to interesting anisotropic properties
[7]. The electrical conductivity is also related to NC size and
separation [12]. Nevertheless, the study of NC formation, and
characterization of their size, shape and growth mechanisms
has been very limited [9].
Many techniques can be employed to fabricate nanocom-
posite films, such as sol–gel [13], sputtering [4, 10] and ion
implantation [14]. Pulsed laser deposition (PLD) is a more
recently developed thin film technique that has been used to
prepare high quality nanocomposite films for optical applica-
tions [9, 15, 16]. The use of alternate PLD from separate matrix
and metal targets has proved to be advantageous. In this way,
the properties of the matrix and metal NCs can be controlled
independently, and thus it is possible to control the size and
shape of the NCs as has been shown for Cu [17, 18]. Recently,
we have shown that PLD Fe NCs can show special magnetic
behaviour due to their reduced dimensions, and a high tempera-
ture superparamagnetic regime has been identified [19]. In this
paper, we discuss the growth mechanism of the Fe NCs embed-
ded in an amorphous Al2O3 matrix. Our aim is to understand
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the relationship between deposition and growth processes, and
the size, shape and distribution of the Fe NCs. This knowledge
will enable nanocomposite films with suitable properties to be
produced by PLD. Moreover, we address two other important
aspects related to the applicability of these films, their thermal
stability under annealing treatments and the Fe oxidation state,
as it is well known that the oxidation state of the metal strongly
affects its properties [19–21].
2. Experimental details
The films were deposited in vacuum (<10−6 mbar) using an
ArF excimer laser (λ = 193 nm, τ = 20 ns full width at half
maximum, 5 Hz repetition rate) to ablate high purity targets of
Al2O3 and Fe alternately with an energy density of∼2 J cm−2.
The targets were placed on a computer-controlled holder and
rotated during ablation to prevent crater formation. The
substrates, which were located along the normal to the target
at a distance of 32 mm, were carbon-coated mica and were
kept at room temperature during deposition. The deposition
sequence involved 800 pulses on Al2O3 first, and then a chosen
number of pulses on the Fe target, followed by a further
800 pulses on the Al2O3 again in order to obtain a sandwich
structure of Al2O3/Fe/Al2O3 on the substrate. This structure
prevented the Fe NCs being exposed to air, whilst allowing
analysis of a single layer of Fe NCs, since in the case of films
containing several Fe layers the overlap of NCs in the plan-view
images prevents their size and separation from being correctly
determined. From previous experiments it has been found that
the number of pulses to obtain well separated Fe NCs, i.e.
before percolation, has to be under 250 pulses on the Fe target.
Thus, for this work three samples with 100, 150 or 200 pulses
on the Fe target were prepared. They are named Fe100, Fe150,
and Fe200, respectively.
HRTEM specimens were prepared by floating the films off
the mica in distilled water and picking them up on Au TEM
grids. The films were analysed in plan-view using a JEOL
4000EX HRTEM operated at 400 kV (point-to-point resolution
0.16 nm). In each case care was taken to prepare HRTEM
specimens from the same region of the substrate, since it is
known that the NC density produced by the laser deposition
process decreases with distance from the centre of the substrate
[17, 22].
The in situ thermal annealing experiments were performed
in another JEOL 4000EX TEM operated at 400 kV (point-to-
point resolution 1 nm). Samples were annealed isothermally
at 200˚C, 400˚C, 600˚C and 800˚C, respectively. The
temperature was continuously increased to the desired
temperature over 3 min and then kept at this temperature for
2 h 40 min. Images can only be recorded after about 30 min
from the start of heating because of drift of the sample. After
annealing the samples were observed in the 4000EX HRTEM.
A JEOL 3000FEG TEM was used to obtain EELS spectra and
Fe composition maps using the Fe L2,3 edge. The beam was
focused to give a spatial resolution of ∼1 nm. Care was taken
during TEM analysis to use conditions that would not result in
electron-beam induced crystallization of the Al2O3 matrix.
In order to determine the three-dimensional shape of
the Fe NCs, cross-section samples were observed, which
were prepared using a focused ion beam (FIB) system
(FEI 200TEM). For this experiment, multilayer films were
prepared on Si substrates under similar conditions to those
used for the sandwich films, i.e. same number of pulses on
the Fe target. In this case, five Fe deposits, instead of one,
were alternated with the deposition of the Al2O3 layers.
Quantitative statistical analysis of the NC morphology was
obtained by manually outlining the NCs in the HRTEM image
to form a binary image which can be easily analysed using the
Gatan Digital Micrograph software.
3. Results and discussion
3.1. Growth process
Figure 1 shows HRTEM images of the three Fe : Al2O3
nanocomposite films with (a) 100, (b) 150 and (c) 200 pulses on
the Fe target, respectively. The NCs show up as dark features in
the image superimposed on a background of random contrast.
The NCs are relatively hard to see, partly because they are
capped above and below by 10 nm thick layers of Al2O3 matrix,
and the plan-view images are a projection through two Al2O3
layers and only one layer of Fe NCs. The binary images of
the same area shown in the HRTEM image for each specimen
are also included in figure 1. The morphology and spatial
distribution of the NCs then becomes clearly visible. For
Fe100 the NCs have rounded edges and are elliptical with an
in-plane aspect ratio close to 1. The surface distribution of
the NCs is fairly homogeneous. For sample Fe150, although
the majority of the NCs are still elliptical in shape, a few NCs
(a)
(b)
(c)
5 nm
Figure 1. HRTEM and binary images of Fe NCs dispersed in an
amorphous Al2O3 matrix. Note that the HRTEM images and binary
images show the same area. (a) Fe100; (b) Fe150; (c) Fe200.
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now have an aspect ratio greater than 2 : 1 and are often bent
along the length axis. Part of one such NC can be seen at
the bottom of the image. The average size of the NCs has
clearly increased with respect to those of Fe100. When the
number of laser pulses on the Fe increases to 200, the number
of high aspect ratio NCs increases and several of these can
be clearly seen in the binary image. The majority, however,
remain elliptical with an aspect ratio smaller than 2 : 1. There
is no preferred orientation for the elongated NCs.
Figure 2 shows the in-plane surface area distribution of
the NCs for the three films. The distribution is very narrow
for Fe100, and is already very much broadened for Fe150.
As the number of pulses on the Fe increases so the surface
area of individual NCs increases. Though the maximum in
the distribution is located at the same position for Fe150
and for Fe200, the percentage of NCs with a large area is
higher for Fe200 than for Fe150 resulting in a shift of the
distribution for Fe200 relative to that for Fe150. The average
NC areas for Fe100, Fe150 and Fe200 are 2.4, 5.2 and 8.1 nm2,
respectively.
In order to study the shape of the NCs their short axis
(width) and long axis (length) have been measured. As
expected, the mean width and length increase with the increase
of Fe content. The average lengths/widths are 2.1/1.6, 3.2/2.2
and 4.2/2.7 nm for Fe100, Fe150 and Fe200, respectively. In
figure 3(a) the NC length distribution is shown. It is seen that
the distribution becomes broader as the Fe content is increased,
and it is noticeable that for Fe200 there are some very long
NCs with sizes up to 20 nm, when the mean value is only
4.2 nm. This shows that NCs with very different dimensions
are co-existing in this film. Figure 3(b) shows the distribution
of NC aspect ratios (length/width) for the three films. The
maximum of the distribution is located at a value of 1.3 for
all three films: this means that the length is only 25% larger
than the width implying that the majority of the NCs have
quasi-circular in-plane shape. For Fe100 the distribution is
narrow with a single maximum. For Fe150 the distribution
shows an additional shoulder at about 2.0, showing that there
are about 9% of NCs that are clearly elongated with the length
at least twice the width. For Fe200 the distribution broadens
significantly and there are NCs with aspect ratios as large as
3.7. Such NCs can be observed in figure 1(c).
In order to determine the centre-to-centre separation, the
closest neighbour was first determined, and the distance to
it measured. Then the NCs within a distance of 1.4 times
this distance were selected for calculating the NC average
separation. Figure 4 shows the centre-to-centre separation
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Figure 2. The area distribution of the NCs: : Fe100; : Fe150;
: Fe200.
distribution for the NCs. As the amount of Fe increases so
does the size of the NCs, and their centre-to-centre distance
increases, the mean value being only slightly larger than that
of the average length of the NCs (see figure 3(a)). As more
Fe arrives to the surface the NCs grow and those that are very
close tend to become closer and eventually coalesce forming a
single NC. Note that for samples Fe150 and Fe200 the number
of NCs separated by less than 2 nm is negligible.
Figure 5 shows cross-section HREM images for (a) Fe150
and (b) Fe200. Two dark layers are visible in each micrograph
corresponding to two of the five Fe deposits, and they are
separated by the low contrast Al2O3 layer. In this figure, the
lattice fringes visible in some regions of the Al2O3 matrix can
be identified as crystalline Al2O3 caused by electron beam
radiation although conditions were used so as to try to minimize
this effect. As we are looking through a projection, images of
different Fe NCs are overlapped and it is difficult to see the
independent shapes. Nevertheless the average height of the Fe
NCs can be measured. For Fe150 the average height is 1.3 nm,
and for Fe200 is around 2.5 nm. This means that the dimension
of the NCs normal to the film plane tends to be smaller than
the in-plane dimensions.
During the laser ablation deposition process, the atomic
species coming from the target carry high energy. In our
system, for laser energy densities of a few J cm−2 it has been
0
0
20
40
60
Length (nm)
Pe
rc
e
n
ta
ge
1 2 3
×10
4
0
20
40
60
80(b)
(a)
Aspect ratio
Pe
rc
e
n
ta
ge
5 10
Figure 3. The (a) length and (b) aspect ratio distributions for the
NCs: : Fe100; : Fe150; : Fe200.
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Figure 4. The centre-to-centre separation distribution of the NCs:
: Fe100; : Fe150; : Fe200.
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Figure 5. Cross-section HRTEM images of (a) Fe150 and
(b) Fe200.
found that the velocities of the ablated species are typically
around 1 × 104 m s−1 [23]. Taking into account the mass of
Fe (55.85 amu), the estimated kinetic energy of the species
arriving at the substrate is about 50 eV. When an Fe atom arrives
at the surface of the substrate, it can be adsorbed onto the
surface, it can diffuse across the surface, or it can desorb from
the substrate surface. These processes allow the species to
transfer their energy to the substrate and cool down. Since the
physical adsorption energy is very low (usually around 0.5 eV
[24]), diffusion of the Fe atoms on the surface of the Al2O3 is
expected to be a common phenomenon. This surface diffusion
will continue until the species do not have enough energy.
When two or more Fe atoms meet following surface diffusion,
they can combine to form a cluster. The fact that figure 1(a)
shows a homogenous surface distribution of NCs suggests that
there are no, or few, surface defects with deep energy wells
present on the pre-deposited amorphous Al2O3 film surface,
so that there is a homogenous distribution of nuclei over the
surface. If the number of atoms in a cluster reaches the critical
nucleus size, the cluster becomes stable and further growth
depends on the capture of more diffusing Fe species. The
location on the Al2O3 surface at which the Fe species arrive
is random, as is the diffusion direction on the surface. This
means that the growth of the nuclei is homogenous, the shape
of the NCs is near circular, and the distributions of NC area,
length and width are narrow, as can be seen from the plots in
figures 2 and 3 for Fe100 ( symbols). The mobility of the
nuclei is much lower than that of the atomic species, and with
increasing size, the mobility of the NCs decreases further [25].
With increasing number of pulses on the Fe target, the NC
size increases, as can be seen from the images in figures 1(b)
and (c) and from the plots in figures 2–4. Two growth stages
can be distinguished, which lead to the different observed
NC shapes. Initially, the NCs grow by coarsening with
the disappearance of some of the very small NCs at the
expense of others. This leads to an increase in NC size
but without a change in the in-plane aspect ratio. With the
disappearance of some very small NCs, the centre-to-centre
separation increases. This is the main growth process that
takes place between samples Fe100 and Fe150, resulting in
similar aspect ratio plots, but an increase in NC average size
and separation. Further growth then occurs by the coalescence
of adjacent NCs, which leads to the formation of elongated
NCs and an increase in NC aspect ratio. The beginning of this
growth stage can be already seen for sample Fe150 with the
formation of the shoulder at a value of around 2 in the aspect
ratio (figure 3(b)), which indicates that more elongated NCs
are being formed from coalescence of NCs. As the amount
of Fe arriving at the substrate surface increases the number of
coalescence events increases, and now coalescence of more
than two NCs can be observed leading to the formation of very
long ‘rods’ (see figure 1(c)). Thus, for sample Fe200 there are
both NCs increasing in size by coarsening, with aspect ratio
which is the same as for the other two samples, and also there
is the coalescence of two or more NCs which gives rise to NCs
with aspect ratio higher than 2.
Therefore, in order to obtain a narrow size and shape
distribution and homogenous surface distribution, coalescence
should be avoided, so the number of pulses on the Fe target
should not exceed the threshold value, between 100 and 150
under the conditions used here.
From the analysis of the TEM results, it is shown that PLD
of Fe on Al2O3 results in growth via the formation of three-
dimensional islands, i.e. it is of Volmer–Weber type. In fact this
is the growth mode found for many metals deposited on oxides
by other techniques [26, 27]. Thus, it seems that the growth
mode is strongly influenced by the metal–surface interaction.
In our case, the surface free energies of liquid Fe (γv/m)
and solid Al2O3 (γv/ox), and the adhesion energy of liquid
Fe on Al2O3 (Eadh), are 1787, 650–925 and 1205 mJ m−2,
respectively [26, 28]. It is assumed that the solid metal has a
similar interfacial energy on the oxide as the liquid metal, and
that γv/m is about 7% larger for the solid than the liquid metal
[29], so that γv/m for solid Fe is 1912 mJ m−2. The Fe : Al2O3
interfacial free energy γm/ox is 1357–1632 mJ m−2, which is
deduced from the equation
Eadh = γv/ox + γv/m − γm/ox
The contact angle θ can be calculated from
cos θ = γv/ox − γm/ox
γv/m
(30)
giving θ = 112˚. This contact angle value means that Fe
cannot wet Al2O3 and so it is more favourable to form a three-
dimensional NC on Al2O3 rather than a continuous layer.
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A comparison of the Fe : Al2O3 nanocomposite system
and other metal systems such as Ag : Al2O3 [22] and Cu : Al2O3
[17], grown using the same deposition system and conditions
as for the Fe : Al2O3 system, shows that the initial density of
nucleation sites for the Fe is much higher. For example, when
the areal density is 39% (Fe150), the number density of Fe NCs
is 77.9× 103 µm−2, while for Ag at an areal density of 40%,
the number density of NCs is 6.8×103 µm−2, and for Cu NCs
the number density is 13.3 × 103 µm−2 at an areal density of
36.4%. This fact suggests that the Fe atomic species have a
much lower mobility over the Al2O3 surface.
3.2. Thermal stability
The nanocomposite films were annealed in situ in the TEM
for 2 h 40 min at different temperatures. Figure 6 shows
HREM images of Fe200 taken before annealing and after
annealing, and subsequent cooling at 600˚C and 800˚C. The
corresponding images for the annealing at 200˚C and 400˚C
are not shown since no changes could be seen. The image for
the as-grown sample shows the typical elongated NCs that have
been described for this sample in figure 1(c). After annealing
at 600˚C it can be seen that the Fe NCs have circular in-plane
shapes and are somewhat bigger. After annealing at 800˚C the
NCs are faceted and have a hexagonal shape. Around them
there is a dark halo that may be the result of a high residual Fe
atomic density. The NCs now show a high contrast, compared
(a)
(b)
(c)
10 nm
Figure 6. HRTEM image of sample Fe200 (a) before annealing and
after annealing (and subsequent cooling) at (b) 600˚C and (c) 800˚C
for 2 h 40 min.
to the as-grown sample, and are easier to observe against the
lighter background. This could be due to an increase of the NCs
dimensions and/or to structural reorientation of the NCs thus
increasing the diffraction contrast. At this stage, the Al2O3
has also crystallized and in some areas lattice fringes can be
observed.
In order to follow up the changes during the 800˚C
annealing, TEM images were taken during the process.
Figure 7 shows selected images taken for film Fe200 during
the annealing process. Note that the magnification is low
in order to observe the evolution over a large area and as a
consequence, the NCs are not seen in the first image of the
series, which is of the as-deposited film (figure 7(a)). At
800˚C changes appear at the very early stages of the annealing
process. After about 11 min (image not shown), dark spots
with a homogenous distribution begin to appear. Their shape
is approximately circular with roughly uniform size, and as
a function of time they tend to grow. After about 36 min
(figure 7(b)) some of the NCs begin to show hexagonal shapes,
after 1 h 15 min (figure 7(c)) most of the NCs are hexagonal.
Although the change in shape is not clear in figure 7 because of
the low magnification at which the experiment was followed,
the facetted hexagonal shape of the NCs can be seen clearly
in figure 6(c). Up to the end of the annealing (2 h 40 min)
no significant changes occur (see figure 7(d)), apart from a
ripening of particle size. Regarding the background contrast,
it should be noticed that in figure 7(b) large areas with slightly
dark contrast appear. They have been identified as areas in
which the initially amorphous Al2O3 matrix has crystallized
to form γ -Al2O3 [22]. Figure 8 shows an HREM image of one
of the Fe NCs after annealing and subsequent cooling, with
the corresponding microdiffraction pattern. The lattice fringes
are clearly seen over the NC and the microdiffraction pattern
shows that it is a single crystal with bcc structure. The facets
of the NCs are {110} type planes.
The most noteworthy features observed during the
annealing process are: first an increase in contrast of the Fe
NCs, as has already been discussed, and second, a gradual
increase in their size. This increase in size is achieved at the
cost of the disappearance of the smaller NCs and any atomic
(a) (b)
(c) (d)
20 nm
Figure 7. In situ TEM images of sample Fe200 taken during
annealing at 800˚C, (a) before annealing; (b) after 36 min; (c) after
1 h 47 min; (d) after 2 h 40 min.
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Figure 8. HRTEM image and microdiffraction pattern of sample
Fe200 after annealing at 800˚C for 2 h 40 min.
Fe and very small Fe clusters, not necessarily crystalline, that
may have formed upon deposition. It should be pointed out
that Fe particles with characteristic sizes smaller than 2 nm are
very difficult to observe when embedded in an Al2O3 matrix.
The diffusion process of Fe in amorphous Al2O3 has been
characterized in Fe/Al2O3 multilayers and it is found to be
strongly thermally activated [31]. When annealing at low
temperature, such as 200˚C and 400˚C, not enough diffusion
can occur, so no observable change happens. Upon increasing
the temperature to 600˚C, the diffusion rates are high enough
to lead to average diffusion distances of the order of 8 nm over
2 h. This is of the order of magnitude of the separation between
Fe NCs, and therefore is sufficient to allow the coarsening in
size of the NCs that we have observed. At 800˚C the average
diffusion distance is of the order of 70 nm after 2 h, which
could explain the extensive coarsening, and reorganization of
the NCs observed. In addition to the Fe diffusion that occurs
when the film is kept at high temperature for a long time,
the NCs have enough time to change their shape and faceting
occurs. Firstly, they become circular to lower their surface
energy, and then they form low energy surface facets in order
to decrease the energy further. The Fe has a bcc structure and
the (110) plane is the closest packed plane, which is why the
facets are {110} planes. It is suggested that the intermediate
contrast areas around the hexagonal NCs correspond to regions
of Al2O3 containing a high Fe density, which form during the
Fe diffusion process. It is suggested that if the sample were
kept at high temperature for a sufficient time, all of the NCs
would become hexagonal in shape with {110} facets. Note that
the random-shaped dark regions extending across the Al2O3
matrix are regions of the matrix that have crystallized.
3.3. Chemical state
In order to check the chemical state of the NCs before and
after annealing, a JEOL 3000FEG TEM was used to obtain
composition map images and EELS spectra. Figure 9 shows
(a) a bright field TEM image and (b) an Fe composition image.
(a)
(b)
10 nm
Figure 9. HRTEM image (a) and Fe jump ratio image (b) of sample
Fe200 taken after annealing at 800˚C for 2 h 40 min.
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Figure 10. EELS spectra for sample Fe200 (a) before, and (b) after
annealing at 800˚C for 2 h 40 min. In each case, spectrum (i) was
recorded on a NC, and spectrum (ii) on the matrix.
By comparing these two images, it can be seen that the dark
features that are the NCs in (a) correspond to the light features
that are the position of the Fe atoms in (b), therefore confirming
that all of the NCs observed in the TEM images consist of Fe.
In order to determine the chemical state of the Fe NCs, EELS
spectra were recorded from the NCs and matrix before and
after annealing. Figure 10(a) shows part of the EELS spectra
with the oxygen K edge and Fe L2,3 edges before annealing.
Spectrum (i) was recorded on a NC and spectrum (ii) was
recorded on the matrix. In this case, in order to overcome
the fact that the NCs are difficult to observe, several spectra
were collected from different areas of the sample and were
carefully compared. Figure 10(b) shows the EELS spectra
obtained after annealing, (i) on a NC and (ii) on the matrix.
Comparing the Fe L2,3 peaks before and after annealing with
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those in the standard spectra for FeO, Fe3O4, α-Fe2O3 and
γ -Fe2O3 [32, 34], it can be found that the peak ratio in our
spectra is quite different from that in Fe2O3. It is found that
the Fe L2,3 edge is very similar to that for pure Fe obtained from
an Fe73.5Cu1Mo3Si13.5B9 alloy [35] and an Fe-16Cr-17Ni alloy
[36]. The oxygen K edge corresponds to that of the Al2O3[37],
as it should be expected since the amount of Al oxide is very
large compared to the Fe oxide that can be potentially formed.
These results suggest that the majority of the Fe forming the
NCs remains metallic which is probably a result of the affinity
of Al to oxygen being larger than that of Fe to oxygen, as it
has been shown in multilayer structures [33]. However, the
EELS technique used was not sensitive enough to detect the
presence of a thin Fe oxide layer on the surface of the NCs so
this possibility cannot be ruled out, especially as the Fe NCs
are coated in an oxide matrix. Likewise, the composition of
the area of intermediate contrast around the hexagonal NCs
formed during annealing at 800˚C could not be successfully
determined by EELS. The EELS data presented here show that
even when the dimensions of the Fe decrease to the nanoscale,
it is still difficult to oxidize Fe NCs, even at high temperature.
Thus, high quality nanocomposite films formed by metallic Fe
embedded in Al2O3 can be produced.
4. Conclusion
Alternate PLD in vacuum has been used to fabricate
nanocomposites consisting of Fe NCs embedded in an
amorphous Al2O3 matrix. The Fe nuclei form homogeneously
on the surface of the Al2O3 at the beginning of deposition. The
surface distribution of NCs is homogenous and their in-plane
shape is circular or slightly elliptical with a small number
of pulses on the Fe target. When the number of pulses on
the Fe target increases, then coarsening and coalescence of
the NCs occur. The size and distribution of the NCs can be
easily controlled by adjusting the number of pulses on Fe.
The NCs are stable up to 400˚C for a long time. Annealing
at 600˚C made the NC shape become more circular and the
size increased. Further increasing the temperature to 800˚C
resulted in the NCs becoming facetted and hexagonal in shape.
The hexagon is composed of {110}plane facets. EELS showed
that the Fe NCs remained un-oxidized even after annealing.
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